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**Data Availability Statement:** A list of all specimens examined including their museum collection numbers and localities is presented in [Appendix](#ece35273-sup-0001){ref-type="supplementary-material"}S1. The list of predators of small mammals in China compiled in this study with their altitudinal range is presented in [Appendix](#ece35273-sup-0001){ref-type="supplementary-material"}S4. GenBank accession numbers of the cytochrome b sequences of *Niviventer confucianus* used here are listed in [Appendix](#ece35273-sup-0001){ref-type="supplementary-material"}S5.

1. INTRODUCTION {#ece35273-sec-0001}
===============

In the era of rapid changes, predicting how species will respond to human‐mediated habitat alterations has become a 21st‐century scientific pursuit, uniting ecologists, evolutionary biologists, and conservationists (Fox, [2018](#ece35273-bib-0034){ref-type="ref"}). Anticipated climatic changes are expected to vary widely, leading to novel habitat--animal interactions and divergent selective forces (Bellard, Bertelsmeier, Leadley, Thuiller, & Courchamp, [2012](#ece35273-bib-0007){ref-type="ref"}; Keller, Alexander, Holderegger, & Edwards, [2013](#ece35273-bib-0061){ref-type="ref"}). Regarding this scenario, elevational gradients offer one of the best natural systems for understanding species performance under heterogeneous environmental constraints (Keller et al., [2013](#ece35273-bib-0061){ref-type="ref"}). Species distributed along mountain slopes, which face conspicuous climatic and steep vegetation changes on a short geographic scale, are of particular interest for testing how ecologically based divergent selection promotes phenotypic divergence and shape genetic structure across populations (Rosenblum, [2006](#ece35273-bib-0099){ref-type="ref"}).

Divergent natural selection, briefly defined as selection arising from uneven ecological conditions that promote phenotypic and genetic shifts among populations, is a key source of biological diversity (Nosil, Harmon, & Seehausen, [2008](#ece35273-bib-0088){ref-type="ref"}). As altitude increases, steep environmental changes promote spatially dynamic biotic and abiotic interactions. Such mixed effects of contrasting climatic variables on a short scale reflect marked heterogeneous vegetation zonation along mountain slopes, in some cases mirroring tropical--temperate forest transitions. For example, in southeastern Asian mountains, evergreen broadleaf forests occur at 1,000 m, and alpine landscapes occur at 3,500 m (Ohsawa, [1991](#ece35273-bib-0089){ref-type="ref"}, [1993](#ece35273-bib-0090){ref-type="ref"}). Individuals living in distinct elevation zones are thus expected to show phenotypic and genetic disparities owing to strong divergent ecological selection (Branch, Jahner, Kozlovsky, Parchman, & Pravosudov, [2017](#ece35273-bib-0011){ref-type="ref"}; Kawecki & Ebert, [2004](#ece35273-bib-0060){ref-type="ref"}; Keller et al., [2013](#ece35273-bib-0061){ref-type="ref"}; Ohsawa & Ide, [2008](#ece35273-bib-0091){ref-type="ref"}). In contrast, elevational gradients over a small geographic scale may facilitate migration, especially in species with a high dispersal capacity, thereby constraining morphological and genetic divergence (Branch et al., [2017](#ece35273-bib-0011){ref-type="ref"}; Kawecki & Ebert, [2004](#ece35273-bib-0060){ref-type="ref"}; Keller et al., [2013](#ece35273-bib-0061){ref-type="ref"}; Nosil et al., [2008](#ece35273-bib-0088){ref-type="ref"}; Ohsawa & Ide, [2008](#ece35273-bib-0091){ref-type="ref"}; Sexton, Hangartner, & Hoffmann, [2014](#ece35273-bib-0103){ref-type="ref"}; Waterhouse, Erb, Beever, & Russello, [2018](#ece35273-bib-0114){ref-type="ref"}). Thus, a tradeoff between the strength of divergent selective forces and dispersal patterns leads to distinct scenarios: a generalist phenotype and a panmictic population distributed across elevation zones or divergent phenotypes and structured genetic populations in each elevation zone (Allendorf & Luikart, [2007](#ece35273-bib-0003){ref-type="ref"}; Kawecki & Ebert, [2004](#ece35273-bib-0060){ref-type="ref"}; Nosil et al., [2008](#ece35273-bib-0088){ref-type="ref"}; Ohsawa & Ide, [2008](#ece35273-bib-0091){ref-type="ref"}).

Previous studies have pointed out that phenotypic and genetic divergence between animal populations along elevational gradients is not a rare phenomenon (reviewed by Keller et al., [2013](#ece35273-bib-0061){ref-type="ref"}). Intraspecific morphological shifts have been detected in numerous species of arthropods, lizards, frogs, and even small birds and mammals (Branch et al., [2017](#ece35273-bib-0011){ref-type="ref"}; Caro, Caycedo‐Rosales, Bowie, Slabbekoorn, & Cadena, [2013](#ece35273-bib-0014){ref-type="ref"}; Grieco & Rizk, [2010](#ece35273-bib-0041){ref-type="ref"}; Keller et al., [2013](#ece35273-bib-0061){ref-type="ref"}). However, whether this pattern is pervasive across groups and traits remains unclear because the majority of related studies have focused on low‐vagility animals (Keller et al., [2013](#ece35273-bib-0061){ref-type="ref"}) and phenotypic features with clear adaptive value along altitudinal gradients (e.g., cold and desiccation tolerance).

While morphological shifts have been widely assessed, their associated factors remain mostly speculative. Studies on the effects of climatic variation have mainly focused on temperature‐size correlations, testing the validity of Bergman\'s and Allen\'s rules along altitudinal gradients (Brehm & Fiedler, [2004](#ece35273-bib-0012){ref-type="ref"}; Du et al., [2017](#ece35273-bib-0024){ref-type="ref"}; Freeman, [2017](#ece35273-bib-0035){ref-type="ref"}; Gutiérrez‐Pinto et al., [2014](#ece35273-bib-0045){ref-type="ref"}). How competition and predation shape species morphology across elevation zones remains an open question. Increasing altitude leads to a reduced area, enhanced spatial isolation, and relaxed predation risk, similar to the patterns observed in insular systems (Körner, [2007](#ece35273-bib-0064){ref-type="ref"}). Considering well‐established island hypotheses, we would expect biotic interactions to play an important role in shaping morphological diversity in mountains as they do in islands (Heaney, [1978](#ece35273-bib-0051){ref-type="ref"}; Itescu et al., [2018](#ece35273-bib-0058){ref-type="ref"}; Michaux, Bellocq, Sarà, & Morand, [2002](#ece35273-bib-0081){ref-type="ref"}). To date, no study has investigated the combined effect of biotic and abiotic traits on phenotypic divergence on mammals along elevational gradients (Keller et al., [2013](#ece35273-bib-0061){ref-type="ref"}; Merilä & Hendry, [2014](#ece35273-bib-0080){ref-type="ref"}).

Further insights into divergent ecological selection can be derived from landscape genetic studies (Allendorf & Luikart, [2007](#ece35273-bib-0003){ref-type="ref"}; Kawecki & Ebert, [2004](#ece35273-bib-0060){ref-type="ref"}; Merilä & Hendry, [2014](#ece35273-bib-0080){ref-type="ref"}; Ohsawa & Ide, [2008](#ece35273-bib-0091){ref-type="ref"}). The presence of animals (particularly those with high vagility) in contrasting habitats on a short geographic scale makes such animals attractive candidates with which to test for ecologically induced genetic alterations. Isolation by environment (IBE) applies when the genetic variation among populations is mostly explained by climatic factors rather than spatial factors (Wang & Bradburd, [2014](#ece35273-bib-0111){ref-type="ref"}; Wang & Summers, [2010](#ece35273-bib-0112){ref-type="ref"}). Thus, the existence of limited gene flow between mammalian populations across mountain zones would indicate a strong role of heterogeneous landscapes in shaping the genetic structure of natural populations (Branch et al., [2017](#ece35273-bib-0011){ref-type="ref"}; Kierepka & Latch, [2015](#ece35273-bib-0062){ref-type="ref"}; Wang & Bradburd, [2014](#ece35273-bib-0111){ref-type="ref"}).

In this study, we aimed to obtain a comprehensive understanding of the effects of divergent selective forces along elevational gradients on genetic and phenotypic disparities in small mammals through three complementary steps. First, we analyzed nine species (shrews, moles, and rodents) distributed over a wide altitudinal range and with distinct ecological attributes to assess whether phenotypic divergence is a common phenomenon in small mammals and whether it shows consistent parallel patterns. We chose skull morphology (size and shape) as a surrogate of overall morphological diversity as it is associated with the main sensory systems related to environmental perception and reflects changes in the dietary and ecological interactions across populations (Klaczko, Sherratt, & Setz, [2016](#ece35273-bib-0063){ref-type="ref"}; Monteiro, Lessa, & Are, [1999](#ece35273-bib-0084){ref-type="ref"}; Nogueira, Peracchi, & Monteiro, [2009](#ece35273-bib-0087){ref-type="ref"}). Second, using a large array of biotic and abiotic parameters, we investigated the ecological factors associated with the intraspecific diversification of the mammalian skull along elevational gradients. Our goal here was to uncover the relative contribution of abiotic and biotic traits associated with phenotypic variation across ecologically distinct species. Finally, we assessed the population genetic structure of a widespread rodent species along three mountain slopes of southwest China and tested the IBE hypothesis, thereby disentangling the effects of climatic and spatially driven factors.

Given the dynamic habitat--animal interactions and strong divergent selection along elevational gradients, we hypothesized that species would show marked phenotypic disparity between populations inhabiting distinct altitude zones, regardless of their phylogenetic and ecological features. In contrast, considering species\' inherent life‐history attributes, we predicted inconsistent main drivers of morphologic divergence across taxa (e.g., that desert dwellers would be more affected by variation in precipitation than would forest dwellers). Because of the large home range and generalist habits of our focal species, we expected weak or absent genetic structure along mountain slopes.

2. MATERIALS AND METHODS {#ece35273-sec-0002}
========================

2.1. Focal species and phenotypic traits {#ece35273-sec-0003}
----------------------------------------

Nine mammal species (six rodents, two shrews, and one mole) distributed over a large altitudinal range and representing distinct ecological niches were selected to assess phenotypic variation (size and shape of the skull) across elevational gradients (Table [1](#ece35273-tbl-0001){ref-type="table"}). All specimens are housed in the mammal collection of the Institute of Zoology of the Chinese Academy of Science, Beijing, China. Specimens were sampled from the same mountain (*Soriculus*) or along altitudinal gradients with similar climatic conditions. In the last case, to minimize putative effects of distinct evolutionary history, we selected individuals from closely genetic lineages (Cheng et al., [2017](#ece35273-bib-0015){ref-type="ref"}; Ge et al., [2018](#ece35273-bib-0038){ref-type="ref"}; He, Hu, Chen, Li, & Jiang, [2016](#ece35273-bib-0049){ref-type="ref"}; Liu et al., [2018](#ece35273-bib-0073){ref-type="ref"}; Lv et al., [2018](#ece35273-bib-0074){ref-type="ref"}).

###### 

Species of shrews, rodents, and moles used in this study, showing the sample size per elevation zone, species total elevation range, elevation range of the samples, and natural history attributes

  Order                      Family                  Species                     Elevation zone   Species elevation range (m)   Elevation range sampled (m)   Primary habitat          Primary diet                        Life mode                         
  -------------------------- ----------------------- --------------------------- ---------------- ----------------------------- ----------------------------- ------------------------ ----------------------------------- ----------------- --------------- -------------
  Eulipotyphla               Soricidae               *Anourosorex squamipes*     55               18                            --                            1,200--3,000             1,123--2,837                        Montane forests   Insectivorous   Fossorial
  *Soriculus nigrescens*     8                       17                          7                1,000--4,300                  2,760--4,194                  Conifer forests/Alpine   Insectivorous                       Semifossorial                     
  Talpidae                   *Uropsilus soricipes*   13                          8                5                             Up to 2,900                   1,340--2,878             Conifer and deciduous forests       Insectivorous     Terrestrial     
  Rodentia                   Cricetidae              *Eothenomys melanogaster*   16               10                            --                            Up to 3,000              103--1,944                          Montane forests   Herbivorous     Terrestrial
  Dipodidae                  *Allactaga sibirica*    32                          38               21                            Up to 3,500                   166--2,970               Dry open areas/Desert/Semideserts   Omnivorous        Terrestrial     
  *Dipus sagitta*            7                       44                          29               Up to 3,200                   241--3,183                    Deserts/Semideserts      Omnivorous                          Terrestrial                       
  Muridae                    *Apodemus chevrieri*    19                          11               5                             600--4,000                    1,210--3,556             Montane forests                     Omnivorous        Terrestrial     
  *Apodemus ilex*            36                      26                          13               2,000--4,000                  2,472--3,891                  Montane forests          Omnivorous                          Terrestrial                       
  *Niviventer confucianus*   37                      11                          8                150--4,000                    1,210--3,430                  Forests/Open lands       Omnivorous                          Terrestrial                       
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The phenotype was abstracted from the shape and size of the skull of 494 adult individuals using geometric morphometric techniques. A list of the specimens studied is provided in Appendix [S1](#ece35273-sup-0001){ref-type="supplementary-material"}. The ventral view of the skull of adult specimens of a similar age (degree of tooth wear) was photographed with a Canon EOS Rebel t3i digital camera equipped with a 100‐mm fixed lens following standardized protocols. Landmarks on the left side of the skull were recorded from the digitized pictures using tpsDig version 2.3 (Rohlf, [2017](#ece35273-bib-0098){ref-type="ref"}). Landmark configuration was defined to reflect changes in the main sensory anatomical structures, such as the tympanic bulla, teeth, palate, and orbits (Table [S2](#ece35273-sup-0001){ref-type="supplementary-material"}). The coordinates of each landmark were aligned, and the effects of location, orientation, and scale were removed through a generalized Procrustes analysis (GPA) using *geomorph* package version 3.0.5 (Adams, Collyer, Kaliontzopoulou, & Sherratt, [2017](#ece35273-bib-0002){ref-type="ref"}) in R software (R Development Core Team, [2017](#ece35273-bib-0020){ref-type="ref"}). Generalized Procrustes analysis generates centroid size values and aligned Procrustes coordinates (shape information) for each individual. The former can be defined as the square root of the summed squared distances between all landmarks and their centroid (Mitteroecker, Gunz, Windhager, & Schaefer, [2013](#ece35273-bib-0083){ref-type="ref"}) and is used here as an indicator of individual size. No sexual dimorphism in skull shape or size was found in the nine species examined (Table [S3](#ece35273-sup-0001){ref-type="supplementary-material"}); therefore, we pooled males and females in the following analyses.

2.2. Ecological parameters {#ece35273-sec-0004}
--------------------------

We quantified the effects of climate and biotic interactions on skull phenotypic changes of mammals using a large array of biotic and abiotic predictors. The topographical dataset was obtained from the WorlClim website and generated from NASA\'s Shuttle Radar Topography Mission (<https://www2.jpl.nasa.gov/srtm/>). Based on the geographic coordinates of each individual, we extracted the altitude information via the *raster* R package (Hijmans, [2017](#ece35273-bib-0053){ref-type="ref"}). Five climate traits were used: annual mean temperature, temperature seasonality, annual precipitation, precipitation seasonality, and net primary productivity (NPP). Net primary productivity was obtained from the NASA Socioeconomic Data and Applications Center (Imhoff & Bounoua, [2006](#ece35273-bib-0056){ref-type="ref"}; Imhoff et al., [2004](#ece35273-bib-0057){ref-type="ref"}). Precipitation and temperature traits were extracted from WordClim version 2 (<http://worldclim.org/version2>) at a 30‐s (\~1 km^2^) spatial resolution (Fick & Hijmans, [2017](#ece35273-bib-0030){ref-type="ref"}) via the *raster* package. Figure [1](#ece35273-fig-0001){ref-type="fig"} summarizes the trends in ecological parameters along elevational gradients encountered by our focal species.

![Ecological parameter trends along elevational gradients sampled in this study. Dots represent individual collection localities](ECE3-9-7080-g001){#ece35273-fig-0001}

To assess the effects of competition (intra‐ and interspecific), we used the database of sampling collections of the mammal group of the Institute of Zoology of the Chinese Academy of Science. This unique database includes specimens of small mammals systematically collected from several mountains in China. Detailed descriptions of the sampling protocols can be found in Wu et al. ([2013](#ece35273-bib-0117){ref-type="ref"}) and Wen et al. ([2018](#ece35273-bib-0115){ref-type="ref"}). For each specimen\'s collection locality, we computed the number of individuals of a given selected species and the species richness recorded in a 1‐km buffer. We used these two parameters as proxies of intraspecific and interspecific competition, respectively. Although this counting method (Dueser & Hallett, [1980](#ece35273-bib-0025){ref-type="ref"}; Krebs, [1966](#ece35273-bib-0066){ref-type="ref"}) likely underestimates the overall abundance and local richness of small mammals, the results from standardized sampling protocols applied by our group can still be used in a comparative way (Krebs et al., [2011](#ece35273-bib-0067){ref-type="ref"}; Pacheco et al., [2013](#ece35273-bib-0093){ref-type="ref"}).

To evaluate the influence of predation risk on phenotypic variation, we compiled a list of predators of small mammals (i.e., carnivorous mammals, snakes, and predatory birds) in China (Hoyo, Elliott, & Sargatal, [1999](#ece35273-bib-0054){ref-type="ref"}; Smith & Xie, [2013](#ece35273-bib-0106){ref-type="ref"}). The final list comprised 136 species, specifically, 62 birds, 45 mammals, and 29 snakes (Table [S4](#ece35273-sup-0001){ref-type="supplementary-material"}). Then, we compiled the geographic distribution of each predator based on the IUCN species range (IUCN, [2017](#ece35273-bib-0059){ref-type="ref"}), taking into account the altitudinal range limits of each species. For each collection locality of our focal species, we computed the number of possible predators (predator richness) in a 1‐km buffer. In a complementary approach, we added a parameter including only predator species with small terrestrial mammals as a primary dietary component. This second list included 45 birds, 29 mammals, and 23 snakes. In general, both approaches generated similar results. To ensure that our predator list are not overestimated, we compared our database with published checklists available for some of the mountains studied. For example, we estimated a total of 13 mammalian predators that have terrestrial mammals as their primary diet in Wolong Mountain. In the same area, Shi et al. ([2017](#ece35273-bib-0105){ref-type="ref"}) based on a large camera‐trap survey recorded 13 species of Carnivora that prey small mammals. Therefore, we are confident with our predator database.

2.3. Molecular sampling {#ece35273-sec-0005}
-----------------------

To explore the genetic structure of small mammal populations distributed along elevational gradients, we selected the Confucian white‐bellied rat (*Niviventer confucianus*) as a model due to its wide elevational range (150--4,000 m), broad climatic tolerance, and relatively high dispersal capability (average home range of approximately 2,200 m^2^; Ge et al., [2018](#ece35273-bib-0038){ref-type="ref"}; Shen, Bao, Xu, Wei, & Liu, [2011](#ece35273-bib-0104){ref-type="ref"}). DNA samples were obtained from 252 individuals collected along linear transects on three mountain slopes (Gongga, Luoji, and Wolong Mountains) in Sichuan Province, South China (Figure [2](#ece35273-fig-0002){ref-type="fig"}). The protocols of DNA extraction and sequencing are detailed in Ge et al. ([2018](#ece35273-bib-0038){ref-type="ref"}). We used the mitochondrial cytochrome b (cytb) gene (1,132 bp) because it presents a high level of haplotype diversity in this species (Ge et al., [2018](#ece35273-bib-0038){ref-type="ref"}). All sequences are available from GenBank (Table [S5](#ece35273-sup-0001){ref-type="supplementary-material"}).

![Genetic sampled populations of *Niviventer confuncianus* in Gongga (a), Luoji (b), and Wolong (c) Mountains, Sichuan, China, showing the altitude of each collecting locality](ECE3-9-7080-g002){#ece35273-fig-0002}

On Gongga Mountain, we obtained complete cytb sequences (1,132 bp) from 160 individuals comprising six populations covering an altitudinal range of 2,000 m (Figure [2](#ece35273-fig-0002){ref-type="fig"}). The median Euclidian distance between sampling localities was 3.2 km (range: 2.69--6.9 km). On Luoji Mountain, we obtained cytb sequences from 69 specimens representing five populations covering an altitudinal range of 1,600 m, and the median Euclidian distance between sampling localities was 1.6 km (range from 1.34--6.8 km). On Wolong Mountain, we obtained cytb sequences from 23 individuals comprising six populations distributed at an altitudinal range of 1,500 m with a median Euclidian distance between collecting localities of 11.2 km (range from 0.62--19 km; Table [2](#ece35273-tbl-0002){ref-type="table"}). For all mountains, we divided our sample into three elevation zones (low, middle, and high) as detailed in Table [2](#ece35273-tbl-0002){ref-type="table"}. Information on the climate and vegetation of Gongga, Luoji, and Wolong Mountains is given in Wu et al. ([2013](#ece35273-bib-0117){ref-type="ref"}), Ma et al. ([2010](#ece35273-bib-0075){ref-type="ref"}), and Wen et al. ([2017](#ece35273-bib-0116){ref-type="ref"}), respectively.

###### 

Sample size of cytb sequences of *Niviventer confucianus* populations (Pop.) used in this study according to the elevation zone and altitude in three mountains of China

  Elevation zone               Gongga Mt.                   Luoji Mt.                    Wolong Mt.
  ---------------------------- ---------------------------- ---------------------------- ---------------------------
  Low                          Pop. 1: 1,200 m (*n* = 22)   Pop. 1: 1,800 m (*n* = 3)    Pop. 1: 1,500 m (*n* = 5)
  Pop. 2: 1,600 m (*n* = 39)   Pop. 2: 1,900 m (*n* = 4)                                 
  Pop. 3: 2,000 m (*n* = 57)                                                             
  Middle                       Pop. 4: 2,400 m (*n* = 15)   Pop. 2: 2,200 m (*n* = 4)    Pop. 3: 2,200 m (*n* = 3)
  Pop. 5: 2,800 m (*n* = 20)   Pop. 3: 2,600 m (*n* = 23)   Pop. 4: 2,500 m (*n* = 2)    
  High                         Pop. 6: 3,200 m (*n* = 7)    Pop. 4: 3,000 m (*n* = 29)   Pop. 5: 2,800 m (*n* = 6)
  Pop. 5: 3,400 m (*n* = 10)   Pop. 6: 3,000 m (*n* = 3)                                 
  Total                        160                          69                           23
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2.4. Statistical analyses {#ece35273-sec-0006}
-------------------------

### 2.4.1. Phenotypic comparison across elevation zones {#ece35273-sec-0007}

To evaluate the phenotypic divergence across elevational gradients, we divided our samples into three bioclimatic zones (low, middle, and high elevation). The delimitation of zones combined climatic and vegetation attributes and was based on Tang and Ohsawa ([1997](#ece35273-bib-0107){ref-type="ref"}), Zhong, Zhang, and Luo ([1999](#ece35273-bib-0118){ref-type="ref"}), and Li and Zhang ([2010](#ece35273-bib-0070){ref-type="ref"}). The elevational range of each zone might vary among mountains as a reflection of distinct topographical and regional climatic conditions. This relationship explains the occurrence of some overlap between elevation zones across mountains. The lowest zone is characterized by evergreen broadleaf forests and occurs at elevations up to 2,900 m. The middle zone is characterized by a predominance of deciduous tree species and ranges from 1,300 to 3,400 m. The high zone includes coniferous trees and shrub‐grassland alpine landscapes spanning 2,800--4,200 m in our dataset.

To test for phenotypic divergence among elevation zones, we conducted analyses of variance using Procrustes coordinates for shape and centroid size for size in the *geomorph* R package with 10,000 permutations. In addition, we carried out pairwise comparisons between mean shapes and performed Tukey\'s honestly significant difference (HSD) test to assess the significance of morphological differences between pairs of elevation zones. We also explored size and shape trends across species to determine whether there was a consistent overall pattern. The relationship between size (centroid size) and altitude was visualized with scatterplots highlighting trends in each elevation zone. Skull shape deformation between zones was assessed via between‐group principal component analysis (BgPCA; Mitteroecker & Bookstein, [2011](#ece35273-bib-0082){ref-type="ref"}) using *Morph* R package (Schlager, [2017](#ece35273-bib-0102){ref-type="ref"}).

### 2.4.2. Phenotypic--ecological interaction analyses {#ece35273-sec-0008}

We assessed the combined effects of our ecological parameters (and quadratic terms when the relationship was nonlinear) on skull phenotypes by creating a set of competing models ranked by the second‐order corrected Akaike information criterion (AICc) via the *MuMln* R package (Barton, [2018](#ece35273-bib-0005){ref-type="ref"}) and tested them by using mixed hierarchical models in the *lme4* R package (Bates, Maechler, Bolker, & Walker, [2015](#ece35273-bib-0006){ref-type="ref"}). In all models, site was included as a random effect to account for uneven sample sizes among collection localities (Harrison et al., [2018](#ece35273-bib-0047){ref-type="ref"}; Paterson, [2003](#ece35273-bib-0094){ref-type="ref"}; Schielzeth & Forstmeier, [2008](#ece35273-bib-0101){ref-type="ref"}). We prevented overparameterization by limiting the number of predictors in a single model based on the sample size (Burnham & Anderson, [2002](#ece35273-bib-0013){ref-type="ref"}; Grueber, Nakagawa, Laws, & Jamieson, [2011](#ece35273-bib-0044){ref-type="ref"}; Harrell, [2001](#ece35273-bib-0046){ref-type="ref"}; Harrison et al., [2018](#ece35273-bib-0047){ref-type="ref"}). The importance of each parameter in models with similar likelihoods was summarized using the full model‐average approach (Burnham & Anderson, [2002](#ece35273-bib-0013){ref-type="ref"}; Grueber et al., [2011](#ece35273-bib-0044){ref-type="ref"}) considering only models with a ∆AICc ≤ 6 following Richards ([2008](#ece35273-bib-0097){ref-type="ref"}).

Summarizing shape information in univariate terms might lead to a loss of information (Fontaneto et al., [2017](#ece35273-bib-0031){ref-type="ref"}). Therefore, we use two variables to provide a more complete description of shape in the mixed analyses. The first univariate term consisted of the score of regression of Procrustes coordinates on the log of centroid size, which has been shown to be an effective descriptor of intraspecific shape variation (Drake & Klingenberg, [2008](#ece35273-bib-0023){ref-type="ref"}; Maestri et al., [2016](#ece35273-bib-0076){ref-type="ref"}; Martinez et al., [2018](#ece35273-bib-0078){ref-type="ref"}). The second variable was the first principal component of the Procrustes coordinates, which summarized most of the shape variation. In this case, to account for the allometry effect, we added the scaled centroid size as an independent covariate in our models.

Spatial autocorrelation is an inherent issue in interpopulation studies that can potentially bias statistical parameters and inflate the type I error (Chun & Griffith, [2011](#ece35273-bib-0016){ref-type="ref"}; Diniz‐Filho, Bini, & Hawkins, [2003](#ece35273-bib-0022){ref-type="ref"}; Perez, Diniz‐Filho, Bernal, & Gonzalez, [2010](#ece35273-bib-0095){ref-type="ref"}). To account for spatial dependence in our statistical models, we applied the eigenvector spatial filtering method (detailed in Griffith, [2003](#ece35273-bib-0042){ref-type="ref"}), which introduces a set of positive eigenvectors (spatial filters) extracted from the spatial weight matrix as fixed factors into regression models. The spatial filters were obtained via the *spdep* R package (Bivand & Piras, [2015](#ece35273-bib-0008){ref-type="ref"}) following the protocol described by Griffith and Chun ([2014](#ece35273-bib-0043){ref-type="ref"}). Finally, we ran Moran\'s I test to ensure that the final residuals of our mixed models lacked significant spatial autocorrelation.

### 2.4.3. Population genetic analyses {#ece35273-sec-0009}

DNA sequences were aligned using the ClustalW algorithm implemented in MEGA 7.0 (Kumar, Stecher, & Tamura, [2016](#ece35273-bib-0069){ref-type="ref"}). To assess the patterns of genetic diversity among elevation zones, we calculated the nucleotide diversity, the mean number of pairwise differences, the number of haplotypes, and the haplotype diversity for each population using DnaSP 6.11.01 (Rozas et al., [2017](#ece35273-bib-0100){ref-type="ref"}). We tested the genetic difference among populations based on haplotype frequencies via a chi‐squared test with 1,000 permutations implemented in DnaSP. Population genetic structure along elevation zones was measured via analysis of molecular variance (AMOVA) based on haplotype diversity (Excoffier, Smouse, & Quattro, [1992](#ece35273-bib-0028){ref-type="ref"}) using Arlequin 3.5.2 software (Excoffier & Lischer, [2010](#ece35273-bib-0027){ref-type="ref"}), and the significance was assessed via 10,000 permutations. In a fine‐scale approach, we calculated the *F* ~ST~ between pairs of populations (Figure [2](#ece35273-fig-0002){ref-type="fig"}) to explore patterns of genetic differentiation along mountain slopes, and significance levels were obtained through 10,000 permutations in Arlequin.

To investigate the correlation between genotype and spatial environmental components and assess whether the putative genetic structure was caused by random (isolation by distance) or nonrandom (IBE) mechanisms, we performed two complementary tests (Kierepka & Latch, [2015](#ece35273-bib-0062){ref-type="ref"}). First, we carried out a Mantel test with 1,000 permutations to explore the correlation between genetic and geographic distances for each mountain using the vegan R package (Oksanen et al., [2018](#ece35273-bib-0092){ref-type="ref"}). To disentangle the effects of spatial and climatic variables on the landscape genetic structure along mountain slopes, we carried out a redundancy analysis (RDA) in the vegan package. Redundancy analysis is a robust test with low type I error used to evaluate environmental effects on population genetic structure (Forester, Lasky, Wagner, & Urban, [2018](#ece35273-bib-0032){ref-type="ref"}; Kierepka & Latch, [2015](#ece35273-bib-0062){ref-type="ref"}). We used the scores of the principal coordinate analysis (PCoA) of the Euclidean distance matrix as dependent variables to summarize the genetic divergence among individuals. All PCoA axes were retained for this analysis. The explanatory variables included the spatial coordinates (latitude and longitude) and the six climatic parameters previously described. We assessed the isolated and combined contributions of each set of variables (spatial and climatic) by running five models: (a) a full model with climatic and spatial coordinates as explanatory variables, (b) a model with only climatic variables, (c) a model with only spatial variables, (d) a model with the isolated effect of climatic variables and controlling for spatial influence, and (e) a model with the isolated effect of spatial structure and controlling for climatic parameters.

3. RESULTS {#ece35273-sec-0010}
==========

3.1. Phenotypic comparison across elevation zones {#ece35273-sec-0011}
-------------------------------------------------

Significant cranial differences among elevation zones were detected in all species examined (Table [3](#ece35273-tbl-0003){ref-type="table"}). Decomposition of skull form components revealed significant shape differences among the zones in eight species, while size diverged in five species. However, elevational zonation tended to explain a larger proportion of variance in size (9%--49%) than in shape (3%--19%; Table [3](#ece35273-tbl-0003){ref-type="table"}). Further inspection using pairwise and Tukey\'s HSD tests revealed that animals inhabiting low altitudes were differentiated from those living at middle and high altitudes to a greater extent than individuals from middle altitudes were differentiated from those at high elevations (Table [S6](#ece35273-sup-0001){ref-type="supplementary-material"}).

###### 

Phenotypic disparity among populations living at distinct elevation zones, showing the results of Procrustes ANOVA for shape (Procrustes coordinates) and size (centroid size)

  Species                     Form    *df*   *R* ^2^   *F*          *p*
  --------------------------- ------- ------ --------- ------------ ------------
  *Anourosorex squamipes*     Shape   1,72   0.03      2.34         **0.004**
  Size                        1,72    0.20   18.43     **0.0001**   
  *Soriculus nigrescens*      Shape   2,31   0.11      1.82         **0.009**
  Size                        2,31    0.01   0.24      0.77         
  *Uropsilus soricipes*       Shape   2,25   0.13      1.89         **0.007**
  Size                        2,25    0.04   0.53      0.59         
  *Eothenomys melanogaster*   Shape   1,25   0.08      2.04         **0.01**
  Size                        1,25    0.49   23.46     **0.0001**   
  *Allactaga sibirica*        Shape   2,90   0.18      10.6         **0.0001**
  Size                        2,90    0.25   15        **0.0001**   
  *Dipus sagitta*             Shape   2,79   0.19      9.43         **0.0001**
  Size                        2,79    0.02   0.84      0.44         
  *Apodemus chevrieri*        Shape   2,33   0.11      2.41         **0.012**
  Size                        2,33    0.16   3.04      **0.05**     
  *Apodemus ilex*             Shape   2,74   0.03      1.29         0.13
  Size                        2,74    0.09   3.74      **0.02**     
  *Niviventer confucianus*    Shape   2,55   0.06      1.86         **0.007**
  Size                        2,55    0.07   2.24      0.11         

Numbers in boldface represent significant values (*p* \< 0.05 based on a permutation test with 10,000 randomizations).
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Eight of nine species exhibited a weak‐to‐moderate decrease in size as a function of altitude (Figure [3](#ece35273-fig-0003){ref-type="fig"}), although this relationship was significant in only two species (*Anourosorex squamipes* \[slope = −63.21, *p* = 0.04\] and *Apodemus ilex* \[slope = −46.05, *p* = 0.02\]). We found a mixed pattern of size trends across elevation zones. Rodents exhibited a marked decrease in size as altitude increased at low elevations, while shrews and moles were not affected or exhibited a weak positive correlation. Both groups presented contrasting patterns at middle elevations, and five of the seven species presented positive trends in size at high elevations (Figure [3](#ece35273-fig-0003){ref-type="fig"}). Skull shapes overlapped somewhat among all three elevation zones, but the shapes of individuals from middle elevations overlapped to a greater degree with those of individuals from low altitudes (Figure [4](#ece35273-fig-0004){ref-type="fig"}). Mammals from high altitudes tended to exhibit a wider braincase and larger tympanic bulla than those from lower altitudes, although most anatomical structures (rostrum, orbit, palate, and teeth) showed variable shape patterns across species (Figure [4](#ece35273-fig-0004){ref-type="fig"}).

![Patterns of size (centroid size) as function of altitude (meters) per elevation zone of shrews (a, b), moles (c), and rodents (d--i). Information on habitat, diet, and life mode of each species is shown in colored polygons. Dots represent individual centroid size. Lines represent the best fit linear regression of overall trend (black) and trend per elevation zone (colored) with standard deviation](ECE3-9-7080-g003){#ece35273-fig-0003}

![Between‐group PCA of skull shape (Procrustes coordinates) per elevation zone with 95% confidence ellipses of shrews (a, b), moles (c), and rodents (d--i). Information on habitat, diet, and life mode of each species is shown in colored polygons. Deformation grids show skull shapes at the extremes of each axis](ECE3-9-7080-g004){#ece35273-fig-0004}

3.2. Ecological factors associated with phenotypic changes along elevational gradients {#ece35273-sec-0012}
--------------------------------------------------------------------------------------

Hierarchical regressions of skull phenotype on ecological predictors uncovered an inconsistent combination of factors that best explained phenotypic variation across taxa (Table [4](#ece35273-tbl-0004){ref-type="table"}). The skull of shrews was mainly affected by environmental traits, whereas rodents and moles responded to both biotic and abiotic interactions. Size variation along elevational gradients was explained by equally important multiparameters in most cases, while skull shape variation was correlated with one variable or a few variables (Table [4](#ece35273-tbl-0004){ref-type="table"}). Altitude was among the top variables in the selected models in terms of explaining size variation in all species examined, and its effects varied from weak to strong across taxa (Table [4](#ece35273-tbl-0004){ref-type="table"}). Among the biotic variables, predator richness had the most widespread effect across species and, in most cases, had a positive relationship with skull size (Table [4](#ece35273-tbl-0004){ref-type="table"}).

###### 

Estimates (and percentage of relative importance) for each parameter from the full averaged models of biotic and climatic parameters on skull phenotype (size and shape) of small mammals along elevational gradients

  Parameter           *Anourosorex squamipes*                                    *Soriculus nigrescens*   *Uropsilus soricipes*                                   *Eothenomys melanogaster*                                 *Allactaga sibirica*                                              *Dipus sagitta*                                              *Apodemus chevrieri*   *Apodemus ilex*                                           *Niviventer confucianus*
  ------------------- ---------------------------------------------------------- ------------------------ ------------------------------------------------------- --------------------------------------------------------- ----------------------------------------------------------------- ------------------------------------------------------------ ---------------------- --------------------------------------------------------- --------------------------
  Size                                                                                                                                                                                                                                                                                                                                                                                                                                      
  Intercept           **3,426**                                                  **2,952.46**             **2,516.61**                                                                                                      **2,838.43**                                                      **2,589.37**                                                 **3,474.83**           **3,339.69**                                              **4,412.25**
  Altitude            **−3.64 (80)**                                             1.16 (5)                 −111.64 (52)                                            −1.79(4)                                                  14.53 (21)                                                        0.77 (5)**\***                                               4.84 (11)              −14.34 (21)                                               −3.59 (11)
  Intra. Comp.        −0.01(\<1)                                                                          0.22 (9)                                                **175.73 (1)**                                            **2.64 (11)**                                                     **3.17 (6)**                                                 −0.48 (3)              −0.1 (1)                                                  1.63 (1)
  Inter. Comp.        −0.05 (\<1)                                                                         **6.36 (3)**                                                                                                      0.68 (4)                                                                                                                       0.14 (1)               0.2 (3)                                                   2.38 (8)
  Pred. richn.        **33.63 (39)**                                                                      **19.88 (31)**                                                                                                    −0.51 (3)                                                                                                                      **114 (94)**           35.39 (52)                                                5.05 (12)
  Main pred. richn.   **27.86 (38)**                                                                      20.68 (33)                                                                                                                                                                                                                                       1.3 (7)                −2.9 (38)                                                 3.25 (10)
  NPP                 **−6.67 (13)**                                             −3.16 (7)                0.33 (5)                                                                                                          −2.03 (7)                                                         **3.02 (6)**                                                 −2.46 (6)              −15.18 (37)                                               −2.34 (8)
  Annual Temp.        **6.63 (12)**                                              −0.39 (2)                −147.2 (57)                                                                                                       0.2 (1)                                                                                                                        −10.53 (18)            −9.41 (17)                                                −1.38 (11)
  Temp. Seas.                                                                                             −31.59 (64)                                                                                                       **70.42 (67)**                                                                                                                 0.94 (3)               16.31 (36)                                                3.1 (9)
  Annual Prec.        **0.34 (1)**                                               −0.57(2)                 −**14.48 (45)**                                                                                                   2.07 (6)                                                          **70.67 (94)**                                               −10.61 (19)            8.58 (25)                                                 0.52 (4)
  Prec. Seas.         **−0.21 (**1)                                              −0.54(2)                 **12.89 (36)**                                                                                                    85.26 (69)**\***                                                                                                               5.26 (1)               26.94 (51)                                                **62.57 (85)**
  Shape                                                                                                                                                                                                                                                                                                                                                                                                                                     
  Intercept                                                                                                                                                                                                                 0.001                                                                                                                                                                                                            
  Altitude                                                                                                                                                        **0.00004 (1)** [a](#ece35273-note-0004){ref-type="fn"}   **−0.009 (2)** [b](#ece35273-note-0005){ref-type="fn"}            0.0002(1)[b](#ece35273-note-0005){ref-type="fn"} **^,^\***                                                                                     
  Intra. Comp.                                                                                                                                                                                                                                                                                                                                                                                                                               
  Inter. Comp.                                                                                            **0.004 (1)** [a](#ece35273-note-0004){ref-type="fn"}                                                                                                                                                                                                                   **0.0002 (5)** [b](#ece35273-note-0005){ref-type="fn"}     
  Pred. richn.                                                                                                                                                                                                                                                                                                                                             **0.001 (18)**                                                                    
  Main pred. richn.   **0.0003 (1)** [a](#ece35273-note-0004){ref-type="fn"}                                                                                                                                                                                                                                                                               **0.0006 (8)**                                                                    
  NPP                 **−0.0004 (16)** [a](#ece35273-note-0004){ref-type="fn"}                                                                                                                                                                                                                                                                                                    **0.001 (24)** [b](#ece35273-note-0005){ref-type="fn"}     
  Annual Temp.                                                                                                                                                    **0.00005 (1)** [a](#ece35273-note-0004){ref-type="fn"}                                                                                                                                                                                                                    
  Temp. Seas.                                                                                                                                                                                                                                                                                                                                                                     **−0.0004 (9)** [b](#ece35273-note-0005){ref-type="fn"}    
  Annual Prec.                                                                                                                                                                                                              **0.0008 (2)** [b](#ece35273-note-0005){ref-type="fn"}                                                                                                                                                           
  Prec. Seas.                                                                                                                                                                                                               **0.004 (3)** [b](#ece35273-note-0005){ref-type="fn"} **^,^\***                                                                                                                                                  

Bold face indicates parameters considered significant, when confidence intervals (95%) did not include zero. Full statistics are presented in Table [S7](#ece35273-sup-0001){ref-type="supplementary-material"}. All traits were standardized prior to analyses. Spatial filters were included as fixed factors to account for spatial autocorrelation. Inter. Comp.: interspecific competition; Intra. Comp.: intraspecific competition; Main pred. richn.: main predator richness (species that have small terrestrial mammals as their primary diet); NPP: net primary productivity; Prec., precipitation; Pred. richn.: predator richness; Seas.: seasonality; Temp.: temperature.

Asterisks indicate that the quadratic term of the parameter was used.

Represents the score of regression of Procrustes coordinates on the log of centroid size.

Represents the first principal component of Procrustes coordinates.
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3.3. Population genetic structure along mountain slopes {#ece35273-sec-0013}
-------------------------------------------------------

On all three mountains, the frequency of haplotypes (Gongga Mt.: *X* ^2^ = 288.01, *p* = 0.0001; Luoji Mt.: *X* ^2^ = 184.81, *p* = 0.000; Wolong Mt.: *X* ^2^ = 121.7, *p* = 0.000) differed significantly among populations. Similarly, AMOVA revealed significant population genetic structure (Gongga Mt.: Ф~ST~ = 0.038, *p* = 0.026; Luoji Mt.: Ф~ST~ = 0.14, *p* = 0.018; Wolong Mt.: Ф~ST~ = 0.40, *p* = 0.000). A large part of the genetic variation was attributed to variance within populations (59.9%--96.1%), whereas differences among elevation zones were low to moderate, albeit not significant (Gongga Mt.: 1.56%, *p* = 0.21; Luoji Mt.: 10.1%, *p* = 0.12; Wolong Mt.: 24.3%, *p* = 0.19; Table [S8](#ece35273-sup-0001){ref-type="supplementary-material"}). Based on comparisons of pairs of populations sampled along mountain slopes, middle‐elevation populations had the highest nucleotide diversity (Table [S9](#ece35273-sup-0001){ref-type="supplementary-material"}). In addition, the F~ST~ values indicated consistent and strong genetic differentiation (Gongga Mt.: *F* ~ST~ = 0.26, *p* = 0.002; Luoji Mt.: *F* ~ST~ = 0.43, *p* = 0.008; Wolong Mt.: *F* ~ST~ = 0.59--0.77, *p* = 0.01) between animals inhabiting low (Gongga Mt.: 1,200 m; Luoji Mt.: 1,500 m; Wolong Mt.: 1,500 m) and high altitudes (Gongga Mt.: 3,200 m; Luoji Mt.: 3,000 m; Wolong Mt.: 2,800 m and 3,000 m). Comparisons between populations from low and middle (Gongga Mt.: *F* ~ST~ = 0--0.02; Luoji Mt.: *F* ~ST~ = 0.08--0.11; Wolong Mt.: *F* ~ST~ = 0.12--0.87) and middle and high elevations (Gongga Mt.: *F* ~ST~ = 0.10--0.15; Luoji Mt.: *F* ~ST~ = 0.08--0.11; Wolong Mt.: *F* ~ST~ = 0--0.14) revealed generally moderate‐to‐low genetic differentiation (Table [S10](#ece35273-sup-0001){ref-type="supplementary-material"}). The genetic structure of *N. confucianus* was mainly driven by climatic variables (Table [5](#ece35273-tbl-0005){ref-type="table"}). The amount of genetic variance explained by our set of environmental parameters (up to 37%) was significant across all mountains, even when the spatial component was controlled for. In contrast, spatial parameters had either no effect (in Luoji Mountain: Mantel *r* = 0.02, *p* = 0.37) or a weak effect on the landscape genetic structure of *N. confucianus* (Table [5](#ece35273-tbl-0005){ref-type="table"}).

###### 

Results of redundancy analysis (RDA) models to assess the contribution of climatic and spatial variables on *Niviventer confucianus* genetic structure along the mountain slopes in China

  Models                            *R* ^2^ adj   *p* value
  --------------------------------- ------------- -----------
  Gongga Mountain                                 
  Climatic + Spatial                0.05          **0.001**
  *only* Climatic                   0.05          **0.003**
  *only* Spatial                    0.02          **0.007**
  Climatic (Spatial *controlled*)   0.02          **0.01**
  Spatial (Climatic *controlled*)   0.01          0.07
  Luoji Mountain                                  
  Climatic + Spatial                0.16          **0.003**
  *only* Climatic                   0.16          **0.002**
  *only* Spatial                    0.008         0.24
  Climatic (Spatial *controlled*)   0.15          **0.001**
  Spatial (Climatic *controlled*)   0.08          **0.001**
  Wolong Mountain                                 
  Climatic + Spatial                0.37          **0.004**
  *only* Climatic                   0.37          **0.001**
  *only* Spatial                    0.19          **0.001**
  Climatic (Spatial *controlled*)   0.17          **0.02**
  Spatial (Climatic *controlled*)   0.03          0.18

Numbers in boldface represent significant values (*p* \< 0.05).
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4. DISCUSSION {#ece35273-sec-0014}
=============

By comparing diverse phylogenetic and ecological groups of small mammals, we found consistent phenotypic disparity in cranial traits and marked genetic structure along elevational gradients. This finding, combined with previous evidence of life‐history and physiologically changes along mountain slopes (Keller et al., [2013](#ece35273-bib-0061){ref-type="ref"}), reinforces the strong and multifaceted effects of heterogeneous steep habitats on individuals\' features.

The phenotypic pattern of individuals living at lower elevations differed greatly from that of individuals living at high elevations, which paralleled our genetic results. We can speculate that this morphogenetic divergence may be related to the pronounced ecological differences faced by populations at opposite ends of an elevational gradient (Caro et al., [2013](#ece35273-bib-0014){ref-type="ref"}; Kawecki & Ebert, [2004](#ece35273-bib-0060){ref-type="ref"}; Wang & Bradburd, [2014](#ece35273-bib-0111){ref-type="ref"}). This interpretation also explains the lower morphological and genetic differentiation of middle‐elevation individuals as they inhabit less contrasting environmental conditions and thus are exposed to weaker divergent selective forces (Allendorf & Luikart, [2007](#ece35273-bib-0003){ref-type="ref"}; Kawecki & Ebert, [2004](#ece35273-bib-0060){ref-type="ref"}). In addition, animals at middle altitudes are in closer contact with both low‐ and high‐altitude populations, which may favor intermediate forms able to exploit distinct elevation zones. In contrast, high‐altitude animals with higher levels of differentiation are less likely to colonizing other zones (Kawecki & Ebert, [2004](#ece35273-bib-0060){ref-type="ref"}). Although further studies focusing on the genes linked to the observed phenotypic changes are still needed (Merilä & Hendry, [2014](#ece35273-bib-0080){ref-type="ref"}), the parallel results obtained from the genetic and morphological approaches suggest that evolutionary mechanisms rather than plasticity alone are likely to contribute to the intraspecific diversification of the mammalian skull along elevational gradients (Boutin & Lane, [2014](#ece35273-bib-0010){ref-type="ref"}; Merilä & Hendry, [2014](#ece35273-bib-0080){ref-type="ref"}).

The higher genetic diversity of middle‐altitude populations of *N. confucianus* might reflect optimal ecological conditions faced by these individuals (Ohsawa & Ide, [2008](#ece35273-bib-0091){ref-type="ref"}). This hypothesis predicts that for species with elevational range centers at middle altitudes, as *N. confucianus* (Ge et al., [2018](#ece35273-bib-0038){ref-type="ref"}; Wen et al., [2017](#ece35273-bib-0116){ref-type="ref"}), peripheral populations at low and high altitudes experience suboptimal conditions, which reduce their niche breadth, their population size, and ultimately their genetic variation (Heino & Gronroos, [2014](#ece35273-bib-0052){ref-type="ref"}; Ohsawa & Ide, [2008](#ece35273-bib-0091){ref-type="ref"}; Wen et al., [2018](#ece35273-bib-0115){ref-type="ref"}). Therefore, we expect that species with distinct elevational range centers will show different patterns of genetic diversity along mountain slopes. Nevertheless, the absence of an effect or a weak effect of spatial traits on the population genetic structure of *N. confucianus* along the three mountain slopes points to more general patterns for small mammals, where nonrandom factors are the main driver of genetic variation (Garant, Forde, & Hendry, [2007](#ece35273-bib-0037){ref-type="ref"}; Keller et al., [2013](#ece35273-bib-0061){ref-type="ref"}; Kierepka & Latch, [2015](#ece35273-bib-0062){ref-type="ref"}). Accordingly, RDA revealed that environmental variables explained up to 17% of the genetic variance when geography was controlled for. These results fit an IBE scenario, especially considering that the distance between the genetically sampled populations was shorter than the individual dispersal capacity (Kierepka & Latch, [2015](#ece35273-bib-0062){ref-type="ref"}; Sexton et al., [2014](#ece35273-bib-0103){ref-type="ref"}; Wang & Bradburd, [2014](#ece35273-bib-0111){ref-type="ref"}).

Skull shape divergence appears to be a more common phenomenon than size divergence in mammals distributed across a wide elevational range, although, when present, the difference in size tends to be more pronounced (Table [3](#ece35273-tbl-0003){ref-type="table"}). One possible explanation for this difference is that skull shape, as a proxy of dietary and life‐mode adaptations (Klaczko et al., [2016](#ece35273-bib-0063){ref-type="ref"}; Monteiro et al., [1999](#ece35273-bib-0084){ref-type="ref"}; Nogueira et al., [2009](#ece35273-bib-0087){ref-type="ref"}), is under strong selection to enhance individual fitness in a given environment (Myers, Lundrigan, Gillespie, & Zelditch, [1996](#ece35273-bib-0085){ref-type="ref"}). For example, intraspecific changes in cranial masticatory muscle attachments have been linked to varying levels of insectivory in armadillos as a morphogenetic response to the availability of food resources in heterogeneous habitats (Feijó, [2017](#ece35273-bib-0029){ref-type="ref"}). Myers et al. ([1996](#ece35273-bib-0085){ref-type="ref"}) showed that changing only the consistency of the food (hard and soft diets) was enough to promote intraspecific cranial and dental divergence in rodents. Likewise, Fornel, Cordeiro‐Estrela, and Freitas ([2010](#ece35273-bib-0033){ref-type="ref"}) found that rodents inhabiting distinct habitats (sand dunes and fields) show significant skull shape differences. Alternatively, while skull shape is a three‐dimensional structure and thus can display diverse phenotypes, size can change only by increasing or decreasing. The dynamic spatial interaction between abiotic and biotic forces along elevational gradients might generate competing pressures (see Table [4](#ece35273-tbl-0004){ref-type="table"}) on size changes and thereby minimize the differences between populations across elevation zones (Kawecki & Ebert, [2004](#ece35273-bib-0060){ref-type="ref"}; McCain & Grytnes, [2010](#ece35273-bib-0079){ref-type="ref"}).

The general change in size as a function of altitude exhibited a nonpositive (negative or neutral) pattern across the nine species. This finding is consistent with that of previous studies on animals along elevational gradients at intraspecific (Caro et al., [2013](#ece35273-bib-0014){ref-type="ref"}; Eastman, Morelli, Rowe, Conroy, & Moritz, [2012](#ece35273-bib-0026){ref-type="ref"}; Liao, Zhang, & Liu, [2006](#ece35273-bib-0071){ref-type="ref"}; Wasserman & Nash, [1979](#ece35273-bib-0113){ref-type="ref"}) and interspecific (Du et al., [2017](#ece35273-bib-0024){ref-type="ref"}; Geraghty, Dunn, & Sanders, [2007](#ece35273-bib-0039){ref-type="ref"}; Hu, Xie, Li, & Jiang, [2011](#ece35273-bib-0055){ref-type="ref"}) levels. Conversely, a positive relationship between size and altitude, as expected under Bergmann\'s rule, has also been reported in the literature (Keller et al., [2013](#ece35273-bib-0061){ref-type="ref"}). Such conflicting patterns might reflect idiosyncratic responses due to inherent ecological, physiological, and evolutionary constraints (Adams & Church, [2008](#ece35273-bib-0001){ref-type="ref"}; Itescu et al., [2018](#ece35273-bib-0058){ref-type="ref"}). Nonetheless, the nonpositive trend shared by moles, shrews, and rodents points to a more common scenario. Sampling part of a species\' (altitudinal) range may fail to reveal the real trend, as shown by Adams and Church ([2008](#ece35273-bib-0001){ref-type="ref"}) when testing Bergmann\'s rule in salamanders. Based on a large dataset, they found no correlation between body size and temperature in most of the species examined, contrary to previous studies that derived conclusions from limited geographic sampling. Moreover, we expect contrasting patterns depending on the species\' elevational range (Figure [3](#ece35273-fig-0003){ref-type="fig"}). For example, the size of *A. ilex* decreased with an increase in elevation up to 3,200 m and then exhibited a strong positive relationship with elevation; the size of *N. confucianus* presented a weak negative relationship with increasing elevation up to 2,000 m, followed by a positive relationship at middle and high elevations. These inconsistencies might be linked to dynamic multi‐interactions of selective drivers in each zone.

At high elevations, the reduced species richness (Wen et al., [2017](#ece35273-bib-0116){ref-type="ref"}) and predation pressure (Fu et al., [2007](#ece35273-bib-0036){ref-type="ref"}; Kumar, Longino, Colwell, & O\'Donnell, [2009](#ece35273-bib-0068){ref-type="ref"}; this study) may alleviate the effects of biotic interactions on individual size, making climatic factors the main drivers of morphology variation. This hypothesis can explain opposing clines between congeners distributed across distinct altitudinal ranges. For example, the size of the middle‐elevation Daurian pika (*Ochotona daurica*) shows a negative trend as elevation increases (Liao et al., [2006](#ece35273-bib-0071){ref-type="ref"}), while that of the high‐altitude plateau pika (*Ochotona curzoniae*) presents a positive trend (Lin, Ci, Zhang, & Su, [2008](#ece35273-bib-0072){ref-type="ref"}). Regarding skull shape, we found a lack of consistency in changes across elevation zones, even between sympatric species, such as *Allactaga sibirica* and *Dipus sagitta*, revealing that different phenotypes may be equally effective in similar habitats. This many‐to‐one mapping scenario predicts that complex morphological structures, such as the skull, can perform similar functions with divergent forms (Maestri et al., [2017](#ece35273-bib-0077){ref-type="ref"}; Renaud et al., [2018](#ece35273-bib-0096){ref-type="ref"}; Wainwright, [2007](#ece35273-bib-0109){ref-type="ref"}; Wainwright, Alfaro, Bolnick, & Hulsey, [2005](#ece35273-bib-0110){ref-type="ref"}). Alternatively, selection for reduced niche overlap in areas with marked seasonality of resources, such as those at high altitudes, might favor the co‐occurrence of distinct phenotypes.

The ecological parameters associated with phenotypic divergence along elevational gradients are expected to be tied to species ecological and evolutionary traits (Goodyear & Pianka, [2008](#ece35273-bib-0040){ref-type="ref"}; Itescu et al., [2018](#ece35273-bib-0058){ref-type="ref"}; Keller et al., [2013](#ece35273-bib-0061){ref-type="ref"}; Ohsawa & Ide, [2008](#ece35273-bib-0091){ref-type="ref"}). Consistent with this expectation, our models revealed somewhat inconsistent responses between shrews and rodents. The reduced exposure of shrews due to their fossorial habits (Healy et al., [2014](#ece35273-bib-0050){ref-type="ref"}) and asocial organization (Churchfield, [1990](#ece35273-bib-0017){ref-type="ref"}) might explain the reduced influence of biotic interactions on their phenotypic variability. Curiously, the size and shape of the mole *Uropsilus soricipes,* a close relative of shrews that lacks adaptation to fossorial life, were significantly associated with interspecific competition. In addition, phenotypic changes in the two semidesert dwellers (*A. sibirica* and *D. sagitta*) were mainly associated with seasonal temperature and precipitation, while forest dwellers tended to be affected by multiple parameters.

Among the biotic traits, predator richness affected morphological cranial changes the most. While numerous studies have reported the influence of predation risk on community structure (Nelson, Matthews, & Rosenheim, [2004](#ece35273-bib-0086){ref-type="ref"}), foraging behavior (Altendorf, Laundré, Gonzalez, & Brown, [2001](#ece35273-bib-0004){ref-type="ref"}; Creel, [2011](#ece35273-bib-0018){ref-type="ref"}), and habitat use (Creel, Christianson, Liley, & Winnie, [2007](#ece35273-bib-0019){ref-type="ref"}; Dickman, [1992](#ece35273-bib-0021){ref-type="ref"}; Kotler, Brown, Slotow, Goodfriend, & Strauss, [1993](#ece35273-bib-0065){ref-type="ref"}), its effects on morphological variation have been largely overlooked. In mammals, predator richness is traditionally linked to body size variation in insular systems, where relaxed predation is correlated with an increase in size in small species (Heaney, [1978](#ece35273-bib-0051){ref-type="ref"}; Michaux et al., [2002](#ece35273-bib-0081){ref-type="ref"}). Surprisingly, we found a positive correlation between size and predation risk in most cases (Table [4](#ece35273-tbl-0004){ref-type="table"}). This relationship might be an indirect response to reduced prey species abundance at lower altitudes (Fu et al., [2007](#ece35273-bib-0036){ref-type="ref"}; Wen et al., [2018](#ece35273-bib-0115){ref-type="ref"}), which leads to relaxed competition for food (Heaney, [1978](#ece35273-bib-0051){ref-type="ref"}). Notably, our conclusions are derived from a coarse‐grained approach using species\' ranges to predict local predator richness. Although our two predator richness parameters generated similar results and agreed with results from previous studies showing higher predation risk at low elevations (Fu et al., [2007](#ece35273-bib-0036){ref-type="ref"}), future studies exploring predator--prey interactions along mountain gradients using locally collected data are necessary to test our hypothesis that predation risk is an important factor associated with the intraspecific diversification of the mammalian skull along elevational gradients, a previously neglected parameter.

An open question derived from our study is which main biological factor(s) drives phenotypic divergence at each elevation zone. Answering this question could provide us with a better understanding of the dynamic ecological interactions along altitudinal gradients (Bolnick et al., [2011](#ece35273-bib-0009){ref-type="ref"}; Hart, Schreiber, & Levine, [2016](#ece35273-bib-0048){ref-type="ref"}; Violle et al., [2012](#ece35273-bib-0108){ref-type="ref"}). Because of our limited sample size in each zone, we could not test the effects of our parameters separately. Nevertheless, we anticipate that at lower elevations biotic interactions will play a stronger role in shaping phenotypic changes, whereas at high elevations due to a relaxed predation and lower competition, climatic factors will be the main drivers.

5. CONCLUSION {#ece35273-sec-0015}
=============

By comparing phylogenetically and ecologically diverse species of rodents, moles, and shrews, we found that phenotypic divergence in mammalian skulls along elevational gradients is a common phenomenon. The underlying causes of this phenomenon are partly related to species\' life‐history attributes. Fossorial and solitary animals are mainly affected by climatic factors, while terrestrial and more gregarious species are influenced by biotic and abiotic parameters. Animals living at lower elevations differ greatly in both phenotype and genotype from those living at high elevations, possibly due to the strong divergent selection acting upon populations at opposite ends of elevational gradients. Therefore, moderate selection faced by animals at middle altitudes seems to favor intermediate forms able to exploit distinct elevation zones. Skull size exhibits a nonpositive trend along elevational gradients, although mixed patterns were detected across elevation zones, possibly due to dynamic multi‐interactions among selective drivers. Skull shape displayed contrasting changes between sympatric species across elevational gradients, suggesting equally effective phenotypes in similar habitats. Moreover, we detected consistent population genetic structure mirroring the phenotypic results, which was mainly driven by environmental heterogeneity along mountain slopes (with no or a weak spatial effect), fitting the IBE scenario.
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